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ABSTRACT 

We report on the detection and follow-up high cadence monitoring observations of MAXI J1659— 152, 
a bright Galactic X-ray binary transient with a likely black-hole accretor, by Swift over a 27 day period 
after its initial outburst detection. MAXI J1659— 152 was discovered almost simultaneously by Swift 
and MAXI on 2010 September 25, and was monitored intensively from the early stages of the outburst 
through the rise to a brightness of ~ 0.5 Crab by the Swift X-ray, UV/Optical, and the hard X-ray 
Burst Alert Telescopes. We present temporal and spectral analysis of the Swift observations. The 
broadband light-curves show variability characteristic of black-hole candidate transients. We present 
the evolution of thermal and non-thermal components of the 0.5 — 150 keV combined X-ray spectra 
during the outburst. MAXI J1659— 152 displays accretion state changes typically associated with 
black-hole binaries, transitioning from its initial detection in the Hard State, to the Steep Power-Law 
State, followed by a slow evolution towards the Thermal State, signified by an increasingly dominant 
thermal component associated with the accretion disk, although this state change did not complete 
before Swift observations ended. We observe an anti-correlation between the increasing temperature 
and decreasing radius of the inner edge of the accretion disk, suggesting that the inner edge of the 
accretion disk in-falls towards the black-hole as the disk temperature increases. We observed significant 
evolution in the absorption column during the initial rise of the outburst, with the absorption almost 
doubling, suggestive of the presence of an evolving wind from the accretion disk. We detect quasi- 
periodic oscillations that evolve with the outburst, as well as irregular shaped dips that recur with a 
period of 2.42 ± 0.09 hours, strongly suggesting an orbital period that would make MAXI J1659— 152 
the shortest period black-hole binary yet known. 
Subject headings: X-rays: binaries 



1. INTRODUCTION 

The majority of stellar mass black- hole candidate bina- 
ries (BHB) in our Galaxy emit mainly in a low level quies- 
cent state. These systems occasionally go through bright 
X-ray and optic al transient outbu rsts that typically last 
days to months (|Chen et al.lll997D . Ahhough BHB out- 
bursts are known to be recurrent, the time between 
outbursts has been reported to be as long as 60 years 
(jEachus e tHI 119761 ). suggesting many systems remain 
undiscovered. With the use of wide field X-ray monitor- 
ing, we are able to detect and localize these bright tran- 
sient outbursts, leading to the discovery of previously 
undetected BHBs. The X-ray signatures of BHBs are 
well known and categorized into distinct states, defined 
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by the presence of quasi-periodic oscillations (QPOs), the 
total rms variability of their power-spectra, and the fitted 
parameters and relative strengths of thermal and non- 
thermal components of their X-ray spectra. A reyiew o f 
BHB systems is given bv lRemillard fc McClintockl ()2006l ) 
and for consistency we use the nomenclature presented 
in that review to classify emi ssion states. 

The combination of Swift (jGehrels et all |2004 ) . with 
its wide field hard X-ray detector and broadband narrow 
field instruments, and the regular almost all-sky X-ray 
scannin g performed by "Moni tor of All- sky X-ray Image" 
(M^A/- lMatsuoka et aLll2009| ). allows for rapid detection 
and accurate localization of BHBs as they enter outburst. 
Swift^s low-overhead observing and rapid autonomous 
follow-up capabilities allow us to obtain high cadence 
monitoring observations in X-ray and Optical/UV wave- 
lengths quickly after initial detection, allowing the study 
of the earliest stages of BHB outbursts with new clarity. 

MAXI J1659— 152 was first reported after detection by 
the S wift Burst Alert Telescope (BAT; iBarthelmv et al.l 
l2005l) at 08:05 UT, 2010 September 25 (MJD 55464.337, 
all times from this point are quoted using MJD for- 
mat in UTC). Follow up obser vations performed by 
the Swift X-ray Telescope (XRT; IBurrows et al. 20058 
and UV/Optical Telescope (UVOT: iRomTng et al. 2005 
31 m inutes later localized the transient ([Mangano et al.l 
[20T0l) . although it was initially misidentified as a 
Gamma-Ray Burst and named GRB 100925A. B ased on 
its de tection by the MAXI Nova Alert System (jNegorol 
[200l at MJD 55464.104 (02:30UT, - 5.5 hours before 
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the BAT trigger), MAXI J1659~152 was determined 
to be a previously unknown Galactic X-ray transient 
(|Negoro et al.llMol ). 

IR spectroscopy was obtained which confirmed that 
the optical counterpart showed emis sion lines consistent 
with that of an X-ray Binary (,de Ugarte Postigo et alj 
I2OIOD. The transient was also detecte d in radio 
(Ivan der Hor st et al.l [2010l). bv INTEGRAL (IVovk et alJ 
I2010D . XMM-Newton (IKuulkers et al.ll2010aD and RXTE, 
which detected a 1.6 Hz type-C QPO in the power- 
spectrum, indicating t hat MAXI J1659-152 is a BHB 
(jkalamkar et alJl2011| l. IKuulkers et"~an (|2010bf ) reported 
evidence for periodicity in the 2.4-2.5 hour range from 
XMM-Newton data, sugg esting that th is is th e shortest 
period BHB yet known. iBelloni et al.l (|2010[ ) reported 
a refined the period measurement from RXTE data of 
2.4142 hours. The XMM-Newton light-curve revealed ir- 
regular structure dips lasting 5 — 40min, and suggest 
that dips analogous to those often seen in Low Mass 
X-ray Binaries (LMXBs) are the source of the ~ 2.4 
hour period, rather than e clipses from the companion 
star (IKuulkers et al.ll2ninH) . 

We report here on broadband observations of 
MAXI J1659— 152 utilizing all three instruments on Swift 
during the first 27 days of the outburst after its initial 
detection. We present spectral and temporal analysis, 
including the broadband UV/optical, X-ray and hard X- 
ray light-curves, analysis of QPOs, time resolved spec- 
tral evolution utilizing broadband spectral fits across the 
XRT and BAT energy ranges, and search for periodicities 
in the X-ray data. 

2. OBSERVATIONS AND ANALYSIS 

Observations with Swift began after the rising hard X- 
ray brightness of MAXI J1659-152 triggered the BAT 
at MJD 55464.337. This prompted the s tandard GRB 
follow-up mode (e.g. iGehrels et al.l [20041 ) in which the 
transient was observed as an "Automated Target" (AT) 
every w 96 minute orbit with exposures of 0.5-2.5 ks per 
orbit. From MJD 55468 onwards the observation cadence 
was lowered two 1-2 ks observations a day, approximately 
spaced by 12 hours. Observations of the source contin- 
ued with this cadence until the final observation ended 
at MJD 55491.259, - 27 days after the initial BAT de- 
tection, after which MAXI J1659— 152 became too close 
to the Sun for Swift to observe. Between MJD 55480 
and MJD 55482 MAXI J1659-152 was not observable 
by XRT or UVOT due to the proximity of the Moon. 
XRT observed in Windowed Timing (WT) mode for all 
observations except for a 1 ks observation taken on MJD 
55466 in Photon Counting (PC) mode, which was per- 
formed to obtain an accurate localization. UVOT data 
were typically collected utilizing all 6 UVOT filters, apart 
from a period between MJD 55468 and MJD 55479 when 
observations were taken utilizing a daily rotation of the 
3 UV filters and u. MAXI J1659-152 was observed by 
Swift for 1 ks on MJD 55598, 107 days after the initial 
monitoring observations ended, with XRT data collected 
in PC mode, and UVOT utilizing all 6 filters. 

BAT data from the observations during which Swift 
was pointed at MAXI J1659— 152 were processed us- 
ing the HEASOFT bat survey script to produce eight- 
channel light curves which were then converted to spectra 
covering the energy range 14 — 195keV. BAT light-curves 



were produced automatically by th e BAT Transient Mon- 
itor web page ()Krimm et al.|[2006l ). 

XRT light-curves and s pectra were e x tracte d utilizing 
the methods described by lEvans et al.l (|2009( ) , with full 
corrections for pile-up and hot columns applied to the 
data based on a PSF fitted position of MAXI J1659-152 
obtained from PC mode observations. XRT spectra were 
extracted over time intervals strictly simultaneous with 
the BAT survey spectra, and binned to a minimum of 20 
counts per energy bin. 

UVOT photometry was derived from images via 
uvotmaghist, using an extraction region of radius 5". 
Mag nitudes are b ased on the UVOT photometric sys- 
tem ()Poole et al.l [2008) and were uncorrected for the 
Galactic extinction in the direction of MAXI J1659— 152 
of E(^B^v) = 0.606 (SchlegeletiD [1998). Taking this 
value as an upper limit to the extinction of the coun- 
terpart a£d_using_^the effective wavelengths of the S wift 
filters (jPoole et al.|[2b0 8) and the parameterization of lPeil 
()1992|) . the extinctions in the ^wi^ bands are: Ay < 1.85, 



Ab < 2.36, A„ < 2.96, A„™i < 4.10, A„^„2 < 4.8 , 
Auvmi < 5.84. Magnitudes of the UVOT photometric 
system are indicated by lower-case letters of the filter 
used (e.g. w), and catalog magnitudes by upper-case let- 
ters of the filter (e.g. V^. However within UVOT mea- 
surement errors, we can assume that UVOT u, h and v 
magnitudes are equivalent to U, B and V. 

All quoted uncertainties are given at 90% confidence 
level for one interesting parameter unless otherwise 
stated. 

3. RESULTS 

3.1. Localization 

Utilizing a short XRT observation in PC mode taken 
on MJD 55598, we derived a position of RA, Dec = 
16''59"'01^71, -15°15'28".5 (J2Q00, 1.4" error radius). 
This position was corrected for systematic errors in 
astrometry utilizing UVOT data taken simultaneously 
with the XRT dat a, utilizing the methods described by 
iGoad et all ()2007l ). This position is improved oyer th e 
previously reported XRT position (jKennea et al.l l2010). 
which was based on PC mode data taken on MJD 55466 
when MAXI J1659— 152 was bright and the data were 
highly affected by pile-up. During the later observation 
MAXI J1659— 152 was much fainter and the data where 
not affected by pile-up, thus allowing for a more accurate 
localization. 

The UVOT position of the counterpart was derived 
from a deep (7170 s) v band image summed between MJD 
55464.6 and 55467.6, using the uvotdetect command, as 
RA, Dec = 16''59'"0P.679, 15°15'28".54 (J2000; 0.70" 
error radius), 0.4" from the center XRT position and 
within the XRT error circle, and 0.19" from th e EVLA 
detected radio counterpart (jParagi et al.ll2010l ). unam- 
biguously confirming that the UVOT source is the optical 
counterpart of the MAXI J1659-152. The UVOT loca- 
tion of MAXI J1659— 152 does not correspond with any 
known catalog object. The non-detection of the compan- 
ion in the USNO-B catalog allows us to place an upper 
limit on the optical b rightness of MAX I J1659— 152 in 
quiescence of F > 21 ([Monet et al.ll2003D . 

3.2. Broadband Outburst Light-curve 
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Fig. 1.— Outburst light-curves of MAXI J1659-152. From top 
to bottom: 15 — 50 keV BAT Transient Monitor light-curve with 
orbital binning, filtering out bins writh less than 500s integration 
times; 0.3 — lOkeV XRT count rate light-curve with 100s time bins; 
Ratio of 2 - lOkeV and 0.3 - 2keV XRT count rates, binned by 
orbit; UVOT six filter light-curve binned by observing segment. 
Errors are la. 

Figure ID shows the XRT, BAT and UVOT light-curves 
for MAXI J1659— 152 during the initial stages of the out- 
burst. Examination of data from the Swift/JiAT hard 
X-ray transient monitor show that the outburst light- 
curve has the typical fast-rise/exponential decay (FRED) 
shape seen in many X-ray transients. The source had 
risen very sharply from non-detection on MJD 55462 
to a weak detection on MJD 55463 (0.0029 ± 0.0012 
counts cm^^ s^^, 15 — 50keV) and then a 26cr detection 
(0.033 ± 0.0012 counts cm^^ s^^) in the daily average on 
MJD 55464. There was no detection of the source dating 
back to January 2006 with a 3ct upper limit of 0.0045 
counts cm~^ s~^. The BAT light-curve is well modeled 
by a sharp rise from a low level detection to peak rate of 
0.0521 ±0.0019 counts cm'^ s'^ on MJD 55465, followed 
by a slow exponential decay, until it became undetectable 
in the BAT 15 - 50keV energy range after MJD 55529, 
with a 3(7 upper limit of 0.008 counts s~l cm^. 

The XRT WT light-curve starts on MJD 55464, at a 
level of ~ 26 counts s~^, which corresponds to a flux of 
1.9 X 10-9 erg s^^ cm^^ (0.5 - lOkeV). The light-curve 
continues to rise to peak around MJD 55476, approx- 
imately 11 days after the peak of the BAT light-curve, 
after which MAXI J1659— 152 begins a slow decline. We 
have plotted the ratio of two hard and soft XRT bands, 
2 — lOkeV and 0.3 — 2keV, respectively. This hardness 
ratio plot shows that for the initial phase of the out- 
burst of MAXI J1659— 152 there is a rapid spectral soft- 



ening which reaches a soft extremum on MJD 55657, af- 
ter which the hardness shows a slow increase, with some 
short term variability. The abrupt change in the hard- 
ness ratio on MJD 55657 is most likely a indication of the 
evolution of the source from the Hard State, to the Steep 
Power-Law state, which is followed by a slow evolution 
into the Thermal State. 

The UVOT counterpart shows significant variability 
over all (v, b, u, uvwl, uvw2, uvm2) bands. The UVOT 
light-curve shows a correlated rise with the X-ray light- 
curve, peaking around MJD 55465 at v = 16.5, followed 
by a slower decline. 

The observation performed on MJD 55598 (not shown 
in Figure [1]) finds the source at a greatly lowered flux 
level than seen during outburst, approximately 0.52 ± 
0.02 counts s"^, corresponding to a flux of 2.4 ± 0.1 x 
10-9 erg cm^^ s~^. The observed hardness ratio (0.74 ± 
0.04) during this observation suggests that the source had 
returned to the Hard State. The UVOT data show that 
the optical counterpart had faded to v ^ 18.6 ± 0.3 mag, 
a drop of approximately 1.3 magnitude from the previous 
measurement 107 days earlier, and 2.1 magnitudes fainter 
than the peak outburst brightness. As discussed earlier, 
we assume that the quiescent optical brightness is > 
21, and therefore on MJD 55598 MAXI J1659-152 is 
still in outburst. 

3.3. Spectral evolution 

We fit the simultaneous BAT-fXRT spectra in the 
0.5 - lOkeV and 15 - 150 keV energy bands for XRT 
and BAT, respectively. Factors were included in the 
fitting to allow for normalization uncertainties between 
the two instruments, which are constrained within their 
usual ranges (0.9-1.1). Each spectrum was fit with a 
three-component model consisting of a power-law model 
(power law), a model of thermal emis sion from the accre- 
tion disk fdiskbb. Makishima et aL|[T986i) . and a model 
of the total absorpti on (tbabs) wi t h the abundance set to 
the values given bv I Wilms et all (pOOOl ). We calculated 
the fraction of flux contribution from the diskbb model, 
/'', by finding the ratio of the model fitted 2 — lOkeV 
flux from the diskbb component with the combined flux 
from both the diskbb and powerlaw components. Ex- 
ample XRT-I-BAT spectra at three different epochs are 
shown in Figure [21 

In order to test the requirement of the disk component 
over a simple absorbed power-law model, we performed 
an F-test comparison between fits of the two models for 
every fitted spectra throughout the outburst. For fits 
before MJD 55465, which coincides with the peak of the 
BAT flux (Figure [1]), we find an F-test probability of 
> 10^'^ for approximately 80% of the fitted spectra, sug- 
gesting that during this period, a disk component is not 
needed with a high significance to fit the X-ray spectrum, 
as expected for a BHB in the Hard State. After MJD 
55465, we find that 96% of the fitted spectra have an 
F-test probability of < 10"^^ showing that the addition 
of a disk component significantly improves the fit for the 
majority of cases. We therefore conclude that the disk 
component is statistically significant for all times during 
the Swift observations of the outburst other than during 
the very early part (earlier than MJD 55465). 

The fitted spectral parameters as a function of time 
are shown in Figure [3l As inferred from the hardness ra- 
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Fig. 2.— Combined BAT+XRT spectra of MAXI J1659- 
with integrations centered on three different epocfis during its 
burst; MJD 55464.42 (black dots), MJD 55465.23 (red circles) 
MJD 55484.57 (green triangles). 
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tio changes, MAXI J1659— 152 shows significant spectral 
evolution during the outburst. During the initial detec- 
tion the spectrum is well fit by an absorbed power-law 
model with F ~ 1.8, indicating a BHB in the Hard State. 
As MAXI J1659— 152 brightens the spectrum softens and 
continues to be dominated by power-law emission with 
a r ~ 2.4 on MJD 55468, signaling the transition to the 
Steep Power-Law state. During this time, the disk black- 
body component is a small (/'' < 10%), but statistically 
significant and evolving (fcTjn rising from ~ 0.2 keV to 

0.6 keV), component of the spectrum. 

After MJD 55469 the source appears to evolving to the 
Thermal State, indicated by the disk fraction increas- 
ing from ^ 0.1 on MJD 55465 to ~ 0.5 by MJD 55485 
and remaining approximately constant until the proxim- 
ity of MAXI J1659-152 to the Sun forced the end of Swift 
monitoring observations on MJD 55491. In this period 
fcTin is in the range of 0.8 — IkeV, typical for BHB in 
the Thermal State. Therefore we do not observe the full 
state transition betwe en the Steep Power-Law and Th er- 
mal states, defined bv lRemillard Sz McClintocS (|2006l ) as 
occurring when > 75%, with the source remaining in 
an intermediate state. 

In order to assess the possible presence of a spectral 
break, we fit a model to the data consisting of a diskbb 
plus cut-off power-law (cutoff pi) model to data from 
MJD 55484.57 (see Figure [2|) chosen as this data corre- 
spond to the peak BAT fiux of MAXI J1659-152. The 
fitted value of the cut-off energy is poorly constrained, 
Ecut — 88.20^^42^89^ keV, with a measured photon index 
of r = 2.14^0 j^. An F-test shows that there is little 
evidence of an improvement in the fit if a spectral break 
is added (F=2.02, giving a null-hypothesis probability of 
0.16), and therefore the cut-off power-law is not required 
to fit the XRT-I-BAT data. We note that there are cur- 
rently no analysis tools available that allow integration of 
BAT spectra over longer periods than an individual Swift 
observation snapshot, which would be required to im- 
prove the accuracy of the spectral measurement. Given 
this and the brightness of the BAT data, if a spectral 
break is present, the XRT-I-BAT data are not sensitive 
to it. 

The expected Galactic line-of-sight absorpti on for 
MAXI J1659-152 is 1.7 x lO^^ cni^^ (Kalberla et al.l 
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Fig. 3. — Results of combined BAT-I-XRT spectral fitting of 
MAXI J1659— 152 with an absorbed power-law plus disk-blackbody 
component. Derived spectral parameters are (from top to bottom), 
Hydrogen column density (A'^h)i power-law photon index (F), disk- 
blackbody inner disk temperature (feTin), disk fraction (/'', the 
fraction of 2 — lOkeV flux contributed by the disk component), 
and the 0.5 - 2keV, 2 - lOkeV and 15 - 50keV fluxes. 



12005( 1 ■ however the fitted absorption column is higher 
and variable, indicating an additional intrinsic absorp- 
tion component. The fitted A^h increases rapidly during 
the initial stages of the outburst, beginning at iVjj — 
2.4 ± 0.3 X 10^1 cm^i on MJD 55464 and rising to a 
mean value of A^h = 5 x 10^^ cm^ on MJD 55465. Mea- 
sured absorption remains consistent with this value until 
observations ceased on MJD 55491. Fitting more com- 
plex models for absorption such as a warm absorber or 
partial covering model, with a fixed Galactic absorption 
also provide good fits to the increasing absorption, al- 
though given the spectral resolution of the XRT data, 
these more complex models are not required over a sim- 
ple single-parameter variable absorption model. 

A later follow-up observation taken on MJD 55598 af- 
ter MAXI J1659-152 had faded significantly to a fiux 
of 2.4 ± 0.1 X 10"" erg s'^ cm-^ (0.5-10 keV) and en- 
tered the Hard State (F — 1.81 ± 0.1, no significantly 
detected disk component), gives a fitted absorption of 
A^H ~ 4.2 ± 0.6 X 10^^ cm"^, consistent with the post- 
outburst value, suggesting that the additional absorption 
component is still present despite the lowered X-ray flux. 

With moderate resolution spectral fitting, variable ab- 
sorption may be due to a statistical correlation between 
spectral parameters. To investigate this we examined 
confidence contours in (A^h, T) parameter space, and find 
that the low Ah spectra (MJD 55464) are distinct from 
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Fig. 4.— Example PDS for 4 epochs of the MAXI J1659-152 
outburst. The red Une shows the fitted continuum + Lorentzian 
model, the blue dotted line the 5cr detection limit for the QPO. 

the higher A'h spectra (MJD 55465) with 5cr confidence. 
Joint BAT and XRT spectral fits allow to constrain F and 
A'h more independently than by fitting XRT alone. Care 
was taken to remove the effects of pile-up from the spec- 
tra, as pile-up can conside rably affect continuum spectra 
fitting (jMiller et aLll2010t ). The fitted values of Nu and 
r do not vary in lock-step either, given the fast initial 
rise in A^h between MJD 55464 and MJD 55465, com- 
pared with an linear rise in T ending around MJD 55470. 
The consistency of the measured absorption in the later 
follow-up observation of MAXI J1659— 152 provides fur- 
ther evidence that the measured A^h is not related to 
the fitted model or source brightness. We therefore con- 
clude that the variable absorption is physical and not an 
artifact of the fit. 

3.4. Time series analysis 

We searched for QPOs using a fast Fourier transform 
method, adopting the power-spectral normalization of 
iLeahy ct al.' (19831 and the search technique described 
bv Ivan d er Khs (1989). For each orbit of XRT data, 
power density spectra (PDS) were generated for M con- 
tinuous sections of data of 4096 bins duration, with a bin 
size of 0.01 s, and averaged. The averaged PDS from each 
orbit was then rebinned in frequency so that W continu- 
ous frequencies were averaged, using a geometrical series 
binning scheme. 

Each rebinned/averaged PDS was fit with a model 
consisting of a power-law for the low frequency noise, a 
Lorentzian for the QPO (whose width was fixed to pre- 
serve a quality factor Q — v/Av of 5) and a constant 
for the Poisson noise level. The QPO was considered 
detected if the Lorentzian amplitude exceeded the lo- 
cal detection level, Pdctcct{MW) (given by the integral 
probability of a chi-squared distribution for 2MW d.o.f,. 
scaled by a factor of 1 /MW) minus t he mean noise level, 
which is 2 for the'Leah v et al.l (|1983[ ) normalization. Ex- 
ample PDS for 4 epochs are shown in Figure IH 

Figure [5] shows in two energy bands (0.3 — 2keV and 
2 — lOkeV), the QPO frequency, the fractional rms vari- 
ability of the fitted Lorentzian for PDS in which QPO 
were detected at greater than 5a, and the broadband 
continuum rms for 0.02 — 10 Hz, including the QPO and 
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Fig. 5. — Results of PDS analysis on XRT WT data two energy 
bands, 0.3 - 2keV and 2 - lOkeV. For all ha detections of a QPO, 
we plot the QPO frequency (top), the fractional rms variability of 
the QPO (middle) and the total rms variability in the 0.02 — 10 Hz 
band including the QPO (bottom). 

low-frequency noise components. 

The QPO frequency and detection energy evolves with 
the QPO peak frequency increasing approximately lin- 
early with time. After MJD 55466 QPOs are not de- 
tected in the 0.3 — 2 keV band, but are still detected in 
the 2 - lOkeV band until MJD 55472. The QPO fre- 
quency is correlated with the fitted value of F, which 
has been observed p reviously in BHBs (e.g. 4U 1543-47, 
iKalemci et all 120051 ). 

The PDS rms power for both energy bands fall 
rapidly during the initial outburst, as expected given 
the transition between the Hard State and the Steep 
Power-Law State which occurs on MJD 55467. In 
the Thermal State, QPOs are gen erally weak or ab- 
sent (|Remillard fc McClintoclJl2006D . therefore the non- 
detection of QPOs after MJD 55474 is consistent with 
the evolution towards that state. 

The XRT dete cted QPOs are consis tent with those 
seen by RXTE C Kalainkar eTall [20Tll ). Due to be- 
ing on-source earlier than than RXTE, we detect lower 
frequency QPOs in the range of 0.148 ± 0.006 Hz to 
1.931 ± 0.030 Hz in the time period of MJD 55464.35 
to MJD 55467.88. The evolution in frequency over time 
of these QPOs is consistent with the extrapolation of 
the trend seen during RXTE observations between MJD 
55467 and approximately MJD 55478. 

UVOT data were also obtained in event mode be- 
tween MJD 55472.1-55475.4 in uvwl, uvw2, and uvm2 
bands. Unbinned source light curves (not background 
subtracted), for each of these, were used to produce PDS 
and to calculate the rms variability with the HEASOFT 
tools powspec and Icstats respectively. Within each 
of these the binning was set to be A^ times the mini- 
mum bin size (11.0322 ms) where A^ = 1 for the PDS 
and N — 8 (88.2576 ms) for the rms variability, giving 
frequency ranges of 0.006-90 Hz and 0.006-1 Hz respec- 
tively. Both the PDS and the rms imply a level of vari- 
ability consistent with zero, though can only place a loose 
constraint of < 50%. 

The XRT light-curve shows frequent dips, which do 
not appear to have a consistent shape or spectral signa- 
ture. An example of a dipping episode, seen on MJD 
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Fig. 6. — Example of the hard and non-hard dips in XRT WT 
mode data in two energy bands (0.3 — 2kcV and 2 — lOkcV), and 
the hardness ratio. 

55469, is shown in Figure [6l although it should be noted 
that this is not necessarily representative of other dips. 
The dipping shows two components that we differentiate 
by their spectral signature: a series of dips of varying 
timescales, with no apparent associated spectral change 
(non-hard dips), and a narrower sharp dip with an asso- 
ciated spectral hardening (hard-dip). Analysis of UVOT 
event data taken during dips do not show any evidence 
of correlated optical variability, although no event mode 
data was take n during a hard dip. 

If, as Kuulkers et al.l (2010b) suggest, the dips are anal- 
ogous to those seen in a LMXB dipping source, we ex- 
pect the spectral changes during dips can be explained by 
the a ddition of an absorbing component in the spectrum 
(e.g. iDiaz Trigo et al.ll2006t ). To check this we fit the 
hard dip spectrum for the event shown in Figure [6] utiliz- 
ing the same spectral parameters for the power-law, disk 
and absorption components for MJD 55469 as shown in 
Figure [3l with the addition of a partial covering absorber 
(XSPEC pcf abs model). We find that the hard dip spec- 
trum is well fit (x^ = 39.92 for 34 degrees of freedom) by 
the addition of an additional partial covering absorber 
with iVn = 3.6l^'g x 10^^ cm~^ and a covering fraction 
of 0.56 ± 0.13. We note that replacing the partial cover- 
ing with a warm absorber model (XSPEC absori model) 
provides a slightly worse fit to the data {x^ — 40.72 for 
34 degrees of freedom), suggesting that higher spectral 
resolution data would be required to determine the na- 
ture of the absorbing material. We therefore conclude 
that the spectral hardness changes seen during some of 
the dips events are likely caused by localized absorbing 
material in the disk. 

To search for longer tim escale p eriodi cities, w e used 
the Lomb-Scargle method (|Lombl 119761 : iScargld IT982I ). 
which is effective when analyzing unevenly sampled data. 
Longer term light-curve trends were removed by fitting 
a 3rd order polynomial. The resultant periodogram, de- 
rived from XRT WT data in the 0.3- lOkeV band, shows 
a strong peak at 2.42 ± 0.09 hours. This period is ^ 1.5 
times the 96 minute Swift orbital period, however given 
the clos eness of our result t o the RXTE measured peri- 
odicity (jBelloni et al.ll2010[ ). we conclude that it is not 
an aliasing effect. No periodicity was detected in the 



UVOT data from this source, although as UVOT data 
were taken in non-event mode for the majority of the ob- 
servations, the UVOT data are not sensitive to a 2.4 hr 
period. 

Although periodic, the dip shapes are highly variable, 
suggesting that they may be caused by obscuration by 
optically thick clumps in the accretion fiow, or an evolv- 
ing bulge in the disk, rather than eclipsing by the com- 
panion star. Given this scenario, the 2.4 hour periodicity 
is likely the orbital period of MAXI J1659-152. 

4. DISCUSSION 

Without a measurement of v sin i for MAXI J1659— 152 
it is difficult to place strong limits on the orbital param- 
eters of the system from the Swift data alone. However, 
with knowledge of the period and other system param- 
eters we can attempt to estimate distance and system 
geometry from theoretical and empirically derived rela- 
tionships that have been established for LMXBs. 

Given that in the X-ray light-curve we see dips but not 
eclips es, from the standa rd model of X-ray binary geome- 
try of lFrank et aH () 19871 ). MAXI J1659-152 is analogous 
to a "Pure Dipper" , which constrains the inclination to 
i = 60 - 75°. 

iFrank et al.l (|2002f ) derive a simple relationship for 
the mass of the secondary star and the orbital period, 
M2 — O.llPorb(hr), assuming that the companion star 
is filling its Roche Lobe and is an unevolved low-mass 
star. This gives us an es timate of the companion mass 
of M2 = 0.27 Mq. iSmith fc Dhillon ()1998[ ) also derive 
an empirical linear mass-period relationship, which for 
P = 2.42 ± 0.09 hours, gives M2 = 0.19 ± 0.05Mq, close 
to the previously derived value. Assuming a black-hole 
primary, Mi > 3.2 M©, we estimate an upper limit on 
the mass ratio oi q < 0.06. 

The faintest optical magnitude of MAXI J1659-152 
seen by UVOT is v = 18.5 mag on MJD 55598. As the 
out-of-out burst optical magnitude is fainter than V > 21, 
based on the non-detection in USNO-B catalog, this sug- 
gests that the optical counterpart has not been observed 
by UVOT in quiescence. Therefore we can make no es- 
timate, from the UVOT data alone, of the brightness of 
the secondary star in this system. However, if we assume 
a main sequence com panion, the relatio nship of spectral 
type versus period of ISmith &: DhillonI ([l998) allows us 
to estimate that the companion is a M5 star. 

M5 stars ha ve typical absolu te visual magnitudes of 
My ~ 12 - 15. iPattersonI (|1984f l derive a relationship for 
absolute visual magnitude of the companion star for a 
cataclysmic variable system as a function of the period. 
My = 17.7 — lllogPorb, assuming this relationship is 
valid for a BHB system, we estimate the brightness of the 
companion star to be My ~ 13.5. Given that V > 21 
in quiescence, this places a lower-limit on the distance 
of d > 316 pc. Note that this distance does not include 
and any extinction correction, which would make this 
distance estimate lower. 

However, the brightness of the X-ray outburst suggests 
that MAXI J1659— 152 is much more distant than this, 
as the peak outburst flux of 10~® erg s~^ cm~^ relates 
to luminosity of < 0.001 ^Edd at 631 pc for a black-hole 
mass of Ml > 3.2 Mq, and it is unlikely that the peak 
outburst would be so highly sub-Eddington. If we assume 
the peak flux of MAXI J1659-152 equates to a BHB 
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emitting at Lx > 0.1 L^dd-, we obtain a lower- limit on 
t he distance of d > 6.1 kpc. 

Ivan Paradiis fc McClintocS (|1994[ ) derive a relation- 
ship between the absolute visual magnitude of a LMXB 
as a function of the orbital period and the X-ray lu- 
minosity as a fraction of the Eddington Luminosity, 
My = 1.57 ± 0.24 - 2.27 ± 0.32 log S, where E = 
{Lx/L^ddy^^iPorh/^hrY^^. If we assume at maximum 
X-ray luminosity, ix/iEdd — 0.1, we calculate the max- 
imum absolute visual magnitude based on this relation- 
ship as My = 2.13 ± 0.25. The peak observed optical 
brightness for MAXI J1659— 152 is u = 16.5, which gives 
estimated distances in the range of 3.2 ± 0.5 kpc (assum- 
ing Galactic extinction. Ay = 1.85) to 7.5 ± 0.9 kpc (no 
extinction) . 

As an alternative measu re of distance, we use the 
IShahbaz fc KuulkersI ([1998) distance-period relationship 
for X-ray transients. With a peak outburst optical mag- 
nitude oi V = 16.5, an estimated line-of-sight extinction 
of = 1.85, and assuming the fraction of the optical 
emission in quiescence that comes from the companion 
star, /, is < 1, we obtain a lower-limit on the distance 
to MAXI J1659-152 of d > 5.3 kpc, consistent with the 
d > 6.1 kpc derived above. 

Given that the Galactic latitude of MAXI J1659-152 
is relatively high, b^^ = 16.52, this would place the 
black- hole approximately at z = 1.8 kpc, which is 
above average, but not unpreced ented (for example 
XTE J1118-h480 is at z = 1.6 kpc, iJonker fc NelemansI 
120041 ) and would place MAXI J1659-152 in a sub- 
class of high-z short period galactic BHB, along with 
XTE J1118-H480, GRO J0422-f 32 (e.g. 'FiliDoenko et alj 
[19951) and Swift J1753.6-0127 (e.g. Zurita ct al. 200^ 
i n the Galacti c Halo. 

iKong et all (|2010[ ) suggest a counterpart for 
MAXI J1659-152 with r ~ 22.4, based on archival data 
taken before the outburst. Given a color correction 
V — R = 1.8 for an M 5 star, and the exp ected 
extinction of Ar = 1.621 ([Schlegel et al.l I1998D . we 
find an estimated V magnitude for this counterpart 
oi V ~ 22.5 corrected for extinction. If we assume 
d > 6.1 kpc, we derive an absolute magnitude for the 
c ompanion of My < 8. 6, too b right for an M5 star. 

IShahbaz fc KuulkersI (|1998l l find a relationship be- 
tween the magnitude of the change in optical bright- 
ness of an X-ray transient in outburst and the orbital 
period, which predicts AV = 11.5 for a 2.4hour orbital 
period. The maximum UVOT observed ti-band bright- 
ness of MAXI J1659— 152 was v = 16.5, which would 
predict a quiescent optical brightness oi v = 28. Cor- 
recting for extinction and assuming a distance of d > 6.1 
kpc, gives an absolute magnitude estimate for the qui- 
escent optical emission of My < 12.2, consistent with 
the estimate that the companion star is an M5 dwarf, 
but inconsistent with the suggested r-band counterpart. 
We therefore belie ve that the counterpart proposed by 
iKong et al.l (|2010[ ) is likely an unrelated foreground ob- 
ject. 

The rise to peak and slow decay of the optical emis- 
sion appears to be anti-correlated with the measurement 
of the spectral hardness of the source, suggesting a strong 
link between the optical brightness and the emission state 
of MAXI J1659-152. This, along with the similar out- 



burst profile of the hard X-ray BAT and UVOT light- 
curves, suggests that the majority of the optical emis- 
sion is correlated to the Comptonized component of the 
spectrum (e.g. from an optically thin jet that becomes 
fainter as the X-ray spectrum becomes more thermally 
dominated. iMarkoff et al..ii200L) . rather than thermal op- 
tical emission from the disk itself. The correlated X- 
ray/optical behavior seen in MAXI J1659— 152 is sim- 
ilar to the behavio r observed previously in GX 339—4 
([Homan et al.l[2005l ). although no rapid drop in the opti- 
cal emission was detected as in that BHB. As the drop in 
optical flux in GX 339—4 was consistent with the state 
transition to the Thermal State, the lack of such a drop 
in MAXI J1659— 152 is consistent with the fact that no 
such state transition was observed, and that the source 
remained in an intermediate state for the remainder of 
the Swift observations. 

MAXI J1659— 152 shows a rapid rise of the measured 
absorption in the initial part of the outburst, which we 
believe is the evolution of a localized absorbing medium, 
rather than a statistical artifact of the fitting. This 
observed increase of intrinsic absorption in the early 
stage outburst may be an indication of absorption by 
a thermally driven win d from the accretion disk (e.g. 
iProga &: KallmanI 120021) or po ssibly a magnetic driven 
wind fe.g. iMiller et al.ll2006aD . An evolving disk wind, 
has also been suggested as a mechanism for variable ab- 
sorption seen in AGN (Gicrlihski & Done 2004). How- 
ever, we note that high resolution X-ray spectral stud- 
ies of the BHB have suggested that disk wi nds are not 
prese nt in BHBs in the Hard State (e.g. I Blum et al.l 
|2010[) . casting doubt on the disk- wind hypothesis dur- 
ing the early part of the outburst. 

Variable absorption has been seen during the ini- 
tial part of the outburst of the transient GS 2023+338 
(jZvcki et al.lll999() , who suggested a powerful outflowing 
wind was the cause of the intrinsic emission. Unfortu- 
nately Swift/XYiT data are not of sufficiently high spec- 
tral energy resolution to resolve the expected absorption 
features of a wind. If the source of the emission is due to 
ionized plasma above the disk, which has been suggested 
to be a common feature of LMXBs from observations of 
dipping sources (jPiaz Trigo et al.ll2006D . it may also be 
the case that such an intrinsic absorption change may 
only be seen in sources with relatively high inclinations. 

The fact that this absorption increase is seen only in 
the very earliest part of the rapid rise to outburst, means 
that it is likely a poorly studied phenomenon, given the 
difficulty in catching this early part of the outburst with 
an X-ray telescope with sufficient low-energy sensitiv- 
ity to measure absorption, and the relatively short-lived 
timescale of the change (< 2 days). Therefore we believe 
that even if this is a common feature of BHB outbursts, 
it would not be common to observe this feature with- 
out the rapid triggering and slewing capabilities of an 
soft X-ray observatory such as Swift, even if the rise of 
intrinsic absorption is a common feature in BHBs that 
are entering outburst. In this case, the Swift dataset on 
MAXI J1659— 152 represents a unique high cadence mon- 
itoring of the initial stages of a newly discovered BHB 
in outburst. For comparison another BHB that trig- 
gered BAT, Swift J1753.5— 0127, was only observed once 
for a short 1.3 ks observation with XRT ([Burrows et al.l 
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Fig. 7. — Evolution of the fitted inner disk temperature (fcTin) as 
a function of the square root of the model normalization, which is 
proportional to the inner disk radius of the accretion disk. The best 
fit lines are plotted, the dotted line is the best fit power-law model, 
with a slope of —0.62 it 0.02. The dashed line is the fitted model 
with the power-law slope fixed at a value of —3/4, t he theoretical 
expected value as proposed bv lCabanac et aLl II2009I ). 



an Rin at the innermost stable circular orbit (ISCO) 
of a non-spinning black- hole, then Ri^/Rg ~ 6, where 
Rg = GMi/(?. We can estimate the m ass of the black- 
hole by re-arranging Equation 4 of iCabanac et al.l ()2009l ) 
as Ml = 0.677 (Rin/Rg)'^ dw {K/cos(i)f-^ Mq. Uti- 
lizing this equation, the assumption that the inner disk 
radius is at the ISCO, our previously obtained lower-limit 
on the distance to MAXI J1659-152 of d > 6.1 kpc, and 
the allowed range of inclinations of i = 60 — 75°, we find 
an estimated black-hole mass of Mi — 2.2 Mq(z — 60°) 
to 3.1 M0(j = 75°). This estimated mass is strongly 
dependent on the assumed radius of the ISCO, which in 
the case of a maximally spinning black- hole, can be as 
small as li?g, therefore if we assume Ri^/Rg = 1, this 
increases the estimated BH mass to Mi = 13A{i = 60°) 
to 18.6M0(i = 75°). 

Larger distances increase the estimate of the black-hole 
mass. However, given the high galactic latitude, larger 
distances become increasingly unlikely due to the derived 
large distance of MAXI J1659— 152 above the Galactic 
Plane, e.g. z > 2.0 kpc for d > 7 kpc. 



I2005bfl in the first 6 days after it was discovered by BAT 
(jPalmer et all[2005l ). 

The disk component of the spectrum shows significant 
evolution during the outburst, both in the fitted tem- 
perature and normalization. The normalization of the 
diskbb model is equivalent to k = {Ria/d^Q)cos{i), where 
i?in is in units of kilometers, and dio is in units of 10 kpc, 
therefore although we cannot directly measure the inner 
radius without making assumptions about the inclina- 
tion and distance to MAXI J1659— 152, changes in the 
normalization during the outburst give a direct measure 
of the magnitude of the change of the inner disk radius 
as a function of both time and temperature. 

Between MJD 55465 and MJD 55475 the value of 
fcTin, the inner disk temperature, rises from ~ 0.25 to 
~ 0.8 keV. In that time the normalization reduces from 
~ 3 X 10"* on MJD 55466 to ~ 320, suggesting that 
the inner disk radius reduces by a factor of ~ 10 in ap- 
proximately 3 days. Studies of the inner disk radius of 
BHBs during in different emission states have suggested 
a correlation of the fitted Rm and fcTin, and the sug- 
gested dependence of radius and temperature is given by 

fcTin oc RrJ^^'^ (|Cabanac et al.l[200l . 

In Figure [71 we plot versus the fcTin, to demon- 
strate this correlation between the fitted temperature 
and the inner disk radius for MAXI J1659-152. The 
best fit power-law model to these data is —0.62 ± 0.02, 
lower than the expected —0.75, although the data are 
broadly consistent with the expected trend in the fcTin = 
0.4 — IkeV range. We clearly observe a trend of a de- 
crease in the inner disk radius both with rising fcTin and 
with time, suggesting that accretion disk is undergoing 
a rapid in-fall during the outburst of MAXI J1659— 152. 

In the period where the flux from the accretion disk is 
the dominant spectral component (MJD 55485 - MJD 
55491, the latter date being due to the end of Swift 
observations), the average diskbb normalization is n — 
525 ± 22, and is statistically consistent with being con- 
stant during this time. If we assume that this mini- 
mum normalization corresponds an accretion disk with 



5. CONCLUSION 

Swift and MAXI have discovered a new BHB, 
MAXI J1659— 152. Broadband high-cadence Swift mon- 
itoring of the outburst revealed the key spectral and 
timing signatures of BHBs, including the presence of 
time variable QPOs and spectral evolution of the tran- 
sient through canonical states associated with BHBs. 
MAXI J1659-152 has similarities to other BHBs, for 
example Swift J1 753.5— 0127. whic h has a similar out- 
burst light-curve (jSoleri et al.ll2010l ) and the presence of 
a low-temperature disc component, with fc Tn — 0.2 keV, 
during the Hard State (jMiller et al.ll2006b( ). The increas- 
ing flux contribution of the thermal disk component and 
rise of fcTin to 0.8 — IkeV suggests evolution to the Ther- 
mal State from the Steep Power-Law State, although no 
full state transition was seen before observations ended. 
As the disk component becomes more prominent and 
hotter, the radius of the inner disk edge of the accre- 
tion disk shrinks, approximately following the expected 

fcTin ^in"^^^ dependence predicted by iCabanac et al.l 
(|200a . 

During the first day of observations, we recorded a 
rapid increase in the fitted Nn, likely caused by local- 
ized absorption from an evolving disk wind. Optically, 
MAXI J1659— 152 shows a correlated rise with X-ray dur- 
ing the Hard State with brightness peaking at the tran- 
sition between the Hard and Steep Power-Law states, 
followed by a decrease in the optical brightness while in 
an intermediate state. 

We detect a ^ 2.4 hour periodicity in the X-ray light- 
curve. The structure of the associated dips is highly vari- 
able from orbit to orbit, suggesting periodic obscuration 
from the accretion disk or stream. If we assume this is 
the orbital period, it would make MAXI J1659— 152 the 
shortest orbital period BHB yet kno wn, the pr evious be- 
ing Swift J1753. 5-0127 at 3.2 hours (jZurita et al. 2008). 
Given the likely distance of d > 6.1 kpc, and the high 
galactic latitude, it is likely that MAXI J1659— 152, sim- 
ilar to Swift J1753. 5-0127 and other short period BHBs, 
is a Galactic Halo BHB. 
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